The increasing incidence of breast cancer brain metastasis in patients with otherwise well-controlled systemic cancer is a key challenge in cancer research. It is necessary to understand the properties of braintropic tumor cells to identify patients at risk for brain metastasis. Here we attempt to identify functional phenotypes that might enhance brain metastasis. To obtain an accurate classification of brain metastasis proteins, we mapped organ-specific brain metastasis gene expression signatures onto an experimental protein-protein interaction network based on brain metastatic cells. Thirty-seven proteins were differentially expressed between brain metastases and nonbrain metastases. Analysis of metastatic tissues, the use of bioinformatic approaches, and the characterization of protein expression in tumors with or without metastasis identified candidate markers. A multivariate analysis based on stepwise logistic regression revealed GRP94, FN14, and inhibin as the best combination to discriminate between brain and non-brain metastases (ROC AUC ‫؍‬ 0.85, 95% CI ‫؍‬ 0.73 to 0.96 for the combination of the three proteins). These markers substantially improve the discrimination of brain metastasis compared with ErbB-2 alone (AUC ‫؍‬ 0.76, 95% CI ‫؍‬ 0.60 to 0.93). Furthermore, GRP94 was a better negative marker (LR ‫؍‬ 0.16) than ErbB-2 (LR ‫؍‬ 0.42). We conclude that, in breast carcinomas, certain proteins associated with the endoplasmic reticulum stress phenotype are candidate markers of brain metastasis.
The increasing incidence of breast cancer brain metastasis in patients with otherwise well-controlled systemic cancer is a key challenge in cancer research. It is necessary to understand the properties of braintropic tumor cells to identify patients at risk for brain metastasis. Here we attempt to identify functional phenotypes that might enhance brain metastasis. To obtain an accurate classification of brain metastasis proteins, we mapped organ-specific brain metastasis gene expression signatures onto an experimental protein-protein interaction network based on brain metastatic cells. Thirty-seven proteins were differentially expressed between brain metastases and non- Brain metastases occur in 10% to 15% of breast cancer patients with advanced disease. [1] [2] [3] It can be assumed that up to 30% of metastatic breast cancer patients will undergo brain metastasis during the course of their disease. 4, 5 This rate is increasing, which can be linked to greater survival in patients receiving chemotherapy and to the fact that it is difficult to cross the blood-brain barrier with current systemic treatments. 6 -8 The difficulties in managing brain metastasis therapy result in a median survival of 7 months, with brain metastasis being the cause of death or a major contributing factor in 68% of patients. 9 Thus, there is a need for both prevention and improved treatment of brain metastasis. 2, 3 The association of ErbB-2 overexpression with brain metastasis has been attributed to both the inability of a humanized antibody such as trastuzumab to penetrate the blood-brain barrier 10 and the longer life span of patients receiving therapy that improves visceral disease control. 11 A longer life can lead to the onset of late tumor spread to the central nervous system. The predilection of ErbB-2 ϩ tumor cells for the central nervous system has also been reported. 12 Thus, ErbB-2 may affect the development of breast cancer and increase the potential for brain metastasis.
The development of metastasis in the central nervous system depends on the interaction of tumor cells with host defenses and the brain microenvironment, which, surrounded by the blood-brain barrier and lacking lymphatic drainage, differs from lung, liver, lymph node, or bone microenvironments. 13 Moreover, microenvironmental factors at the metastatic foci may affect the response of tumors to chemotherapy and may condition drug resistance.
14 Unraveling the biological pathways that drive brain metastasis promises insight into how to limit or prevent this deadly aspect of cancer progression.
Our aim was to identify proteins involved in the progression of brain metastasis. Recently, a strategy based on mapping expression profiles with protein interactions has been described. 15 The authors show that it is possible to extract relevant biological information about deregulated functions and the relationship between them, and to identify molecules that could be helpful as metastatic markers or therapeutic targets. We compared data obtained from an experimental protein-protein interaction network (PPIN), 16 which identifies biological pathways contributing to the organ-specific phenotype of brain metastatic cells, with gene expression profile data 17 obtained from published transcriptomic analysis of 23 human breast cancer metastasis samples excised from various anatomical locations, including the brain. To compare the expression and network data sets, we mapped the expression values of each gene onto its corresponding protein in the network and searched for proteins whose activities are highly discriminative of brain metastasis. Protein expression analysis of tissues from metastatic human brain and primary breast tumors provided candidate markers of brain metastasis in both ErbB-2 ϩ and ErbB-2 Ϫ breast carcinomas.
Materials and Methods

Sample Collection
The Breast Cancer Committee of the Catalan Institute of Oncology and the University Hospital of Bellvitge supplied samples from patients diagnosed between 1988 and 2006. The series of 122 breast cancers included 71 consecutive primary ductal breast carcinomas at initial diagnosis from metastatic patients in treatment at the time of the study, with one or several organs affected (Table 1) , and 51 patients with positive lymph nodes at surgery without metastatic progression after a minimum follow-up duration of 5 years. Three patients had brain as the unique metastasis location and 10 patients had dissemination also at bone (n ϭ 7), lung (n ϭ 6), and liver (n ϭ 4). A total of 48 tumors with bone metastasis, 23 with liver metastasis, and 31 with lung metastasis were included.
To optimize each immunohistochemical analysis, the corresponding control tissues for the expression of each protein were also used. To validate protein expression, we included in the analysis six brain metastasis samples matched with the corresponding ductal breast carcinoma to validate protein expression. As a validation set, we used a series of 295 breast tumors for which the transcriptomic data were publicly available.
18,19
Identification of Brain Metastasis Candidate Markers
The strategy for identifying novel cancer candidates has been described elsewhere. 20 The general procedure of the study, the steps of the analysis, and the levels of protein expression measured are shown as a flow chart in Figure 1A .
Experimental Proteomic Analysis and Protein Interaction Network Analysis
To identify brain metastasis-associated proteins, we used a prior proteomic analysis that compared differential expression of proteins between 435-P and 435-Br1 cells. 16 Briefly, the proteins differentially expressed by two-dimensional gel electrophoresis (Amersham Ettan DIGE system; GE Healthcare, Little Chalfont, UK) in 435-Br1 cells were identified by peptide mass fingerprinting spectra recorded by a Voyager STR MALDI-TOF system (Applied Biosystems, Foster City, CA) in positive reflector mode with delayed extraction. The spectra were analyzed using the m/z software package (ProteoMetrics, New York, NY). Proteins were identified against a nonredundant database (NCBInr) using online MASCOT search tool (http://www.matrixscience.com/search_form_ select.html).
The protein network was based on 17 proteins known to be differentially expressed between 435-P breast cancer cells and the brain metastatic variant 435-Br1. We used PIANA 21 Figure 1B) .
Human Brain Metastasis Transcriptomic Data
The protein-network approach for identifying markers of brain metastasis was based on results from a previously analyzed microarray hybridization using the GeneChip human genome U133 Plus 2.0 array (Affymetrix, High Wycombe, UK; Santa Clara, CA), which includes more than 47,000 transcripts and variants, according to standard protocols for RNA extraction and probe preparation. 17 Briefly, to process and normalize Affymetrix chips, robust multichip averaging RMA algorithms were used. 22 All these computations were performed with the Bioconductor package version 2.0. The univariate t-test was used to identify genes differentially expressed in four brain metastases and metastases in organs other than the brain (5 lung, 6 liver, 2 skin, and 6 osteolytic bone metastases) ( Figure 1C ). Differences were considered significant when P Ͻ 0.001. This stringent threshold was used to limit the number of false positives. These data sets, under the identification number GSE11078, are freely available from the Gene Expression Omnibus (GEO) repository at the National Center for Biotechnology Information (http://www.ncbi.nlm.
nih.gov).
Identification of Candidate Genes and Pathways
Gene expression levels obtained from the microarray experiments were mapped onto the network proteins, assuming that a protein might be differentially (23) 11 (23) 4 (17) 3 (10) 21
Other multimetastatic combinations* 24
Total number of patients with metastasis: 71. *One or more metastases in combination with other organs (lymph nodes, skin, pleura, esophagus, and vagina).
expressed if the gene encoding for it was found to be differentially expressed at the RNA level. Differential gene expression was found for 556 of the 658 proteins in the initial PPIN.
To classify proteins by function, we used FatiGO software, an online tool for detecting significant associations between gene ontology terms (GO) and groups of genes. 24 
TMAs and IHC
Tissue microarrays (TMAs) were prepared from three representative areas of the tumor that were carefully selected from H&E-stained sections of 122 donor blocks (S.B. and S.H.). Core cylinders, 2 mm in diameter, were removed from each tumor with a skin-biopsy punch and were deposited into recipient paraffin blocks using a specific arraying device (Beecher Instruments, Sun Prairie, WI), as described elsewhere. 25 Sections (3-m thick) of the resulting microarray block were cut and used for immunohistochemical (IHC) analysis after being transferred to glass slides.
Experimental conditions, positive control tissues, and the characteristics and source of the antibodies used are listed in Table 2 . Staining optimization, evaluation parameters, and analyses were established by two pathologists (P.L.F. and S.B.) who were blinded to the clinical status.
Antigens were retrieved by heating in a pressure cooker for 7 minutes in the appropriate buffer. Primary antibodies were diluted in Dako real antibody diluent buffer (Dako, Glostrup, Denmark; Carpinteria, CA): Tris buffer, pH 7.2, 15 mmol/L NaN 3 . LSABϩ system-horseradish peroxidase (Dako) was used, including biotinylated anti-rabbit, anti-mouse, and anti-goat immunoglobulins in PBS; streptavidin conjugated to horseradish peroxidase in PBS; and liquid 3-3= diaminobenzidine in chromogen solution. A polyclonal antibody anti-ErbB2 (A0485; Dako) was used with an ultraView detection kit in an automatic staining system (Ventana Benchmark XT; Roche, Tucson, AZ).
Statistical Analysis
To evaluate the correlation of protein expression with brain metastasis, immunostained samples were graded on a three-category scale (negative, weak positive, and strong positive). The marker was catalogued as overexpressed in strong-positive samples. The association of brain metastasis for each marker was tested using a two-sided Fisher's exact test and summarized by calculating the sensitivity among tumors that developed metastasis, and calculating the specificity among tumors without metastasis, for strong-positive values. Positive and negative likelihood ratios (LR) were also calculated as integrated predictive indexes, as was the area under the ROC curve (AUC). Markers were assessed using a multivariate logistic regression model in a forward stepwise procedure to identify the best combination to discriminate brain metastasis. Because ErbB-2 is a known metastasis risk factor, an analysis including ErbB-2 as the baseline was also performed, as well as a stratified analysis of each candidate marker within ErbB-2 ϩ and ErbB-2 Ϫ tumors. In all of the analyses, associations were considered significant when P Ͻ 0.05. No multiple testing correction was done in this analysis, because the search for the best combination of markers started from a very small set of candidates.
Results
Identification of Specific Brain Metastasis Proteins
We mapped human brain metastasis expression profiles with a PPIN to maximize accuracy in the classification of brain metastasis proteins.
The signature of brain genes was catalogued as the organ-specific metastasis signature (BOSMS) with a hierarchical clustering that clearly distinguishes among the different metastases. 17 The BOSMS contained 1193 genes (MetaBre) after the one-versus-all (ONA) class comparisons identified genes differen- 16 and obtained 37 organ-specific proteins (Table 3) : seven underexpressed and 30 overexpressed. The FatiGO classifier based on GO terms grouped proteins as follows: 13 nucleic acid metabolism proteins (48%), 10 translation proteins (37%), seven cell death proteins (26%), and six modification and folding proteins (22%), as well as a miscellany of metabolic, transport and signaling proteins, some of them with multiple functions (Figure 2) . The cellular components of the analysis were as follows: 74% intracellular organelles, 51% cytoplasm, 22% ribonucleoprotein complex proteins, and 15% proteins intrinsic to membrane.
We graphically represented the brain organ-specific metastasis phenotype (Figure 3 ) in the PPIN-based functional approach from protein interaction databases, providing a novel hypothesis for pathways involved in brain metastasis progression. Indeed, five functions from the PPIN were predominant: i) DNA binding and repair; ii) protein folding and chaperones, which engage one more DNA binding protein (O14776); iii) structural cytoskeleton, which engages four new DNA binding proteins (Q9P0W2, P33991, Q53X93, and Q9UJN0), two new signal transcription factors (P50453 and P16220), one ubiquitinization protein (Q96BH1), one amino acid metabolism protein (Q8N6T7), and one protein involved in methylation (Q96KQ7); iv) protein biosynthesis, which engages four new signal transduction factors (P29692, Q96I38, Q8IWK1, and P05111); and v) vesicle transport, which engages one protein (Q8N6T3).
Additional IHC experiments were performed on six matched breast cancer tumor-brain metastasis samples from patients, to corroborate in human brain metastasis the expression of 11 proteins representative of the functions involved. These proteins were chosen on the basis of commercial availability of antibodies (Table 2 and Figure 4) . The IHC analysis validated the expression of GRP94, TRAF2, FN14, TOP1, VAV2, GFAP, TEM8, BAT8, and ARFGAP proteins in brain metastasis. In addition, some of these proteins were also expressed in the corresponding primary breast carcinomas, suggesting their functional involvement from the primary tumor to the brain metastasis. Figure 2 . The PPIN analysis was performed for 556 proteins matched with 1193 differentially expressed brain metastasis genes (transcriptomic comparison of brain metastases versus other metastases), yielding 37 pairs corresponding to 7 underexpressed and 30 overexpressed organ-specific proteins. FatiGO, an online tool for finding significant associations of gene ontology-terms with groups of genes, 24 shows the preponderant functions of significant proteins in clusters of coexpression. The classification by function was performed using GO level 6. We searched for references to brain metastasis signatures in published genomic data from experimental and clinical breast cancer and metastasis analysis. From our list of genes, only seven appeared in previous lists of gene expression profiling predicting clinical outcomes of breast cancer 26 -35 (Table 4) : EEF1D, MCM4, RPL5, RPS12, and CLN3 26 and also FAM3A and TBCD. 27 GFAP, encoding a ubiquitous protein in the central nervous system, also appeared in a list of genes differentially expressed between brain and bone breast cancer metastasis. 35 These findings indicate that cells metastasizing in brain were enriched in cell structure, chaperones, stress and redox regulation, and intracellular transport proteins. The organ-specific character of this functional signature was also found in the transcriptomic data from breast cancer brain metastasis ( Figure 5 and Table 5 ). From these, the most differentially expressed in brain metastasis, compared with metastases in other organs, were GRP94 (P ϭ 0.002), FN14 (P ϭ 0.002), ARFGAP1 (P ϭ 0.003), TRAF2 (P ϭ 0.003), and PDG-FRA (0.002) genes. In contrast, other functions had no relevant expression in brain; for example, amino acid metabolism genes were overexpressed only in liver.
After mapping transcriptomic into proteomic analyses, we concluded that molecules involved in protein folding and chaperones might connect different functions and presumably act by rescuing cells from endoplasmic reticulum stress responses.
Expression of Endoplasmic Reticulum Stress Phenotype in Breast Cancer Primary Tumors Is Associated with Brain Metastasis Progression
Because proteins were also expressed in primary tumors, to estimate the probability of specific brain metastasis outcomes we further analyzed the proteins in a series of primary breast carcinomas using TMA technology. We considered a marker to be positive when strong expression was detected, to avoid false positives, and taking into account the known expression in a control tissue ( Figure 6 ).
Statistical analysis of the data showed significant associations between brain metastasis progression and high expression of GRP94 (P Ͻ 0.0001), TRAF2 (P Ͻ 0.001), and FN14 (P Ͻ 0.0001). As expected, ErbB-2 expression was associated with brain metastasis with a high significance (P Ͻ 0.0001): 8/13 (62%) breast cancers that progressed to brain metastasis were positive, versus 12% and 5% of breast carcinomas that relapsed in other locations or without metastasis (7/57 and 2/42, respectively). ErbB-2 expression was also associated with the absence of hormone receptors: ER, 55% versus 30% (6/11 and 29/98, respectively, P ϭ 0.016); PR, 73% versus 39% (8/11 versus 37/95, respectively, P ϭ 0.009). A slight association with histological grade (HG) was also observed: HG III 58% versus 47% (7/12 versus 45/96, P ϭ 0.105). In addition, we did not find correlation be- tween lung, bone, or liver metastasis and high expression of these proteins.
We calculated the positive and negative likelihood ratios (LR) to assess the predictive accuracy of each molecule as a brain metastasis marker, considering the sensitivity and the specificity of each (Table 6 ). The highest predictive value for the presence of metastasis was ErbB-2 expression (positive LR ϭ 6.7, P Ͻ 0.0001), followed by FN14 (positive LR ϭ 3.01, P ϭ 0.001), GRP94 (positive LR ϭ 1.89 P ϭ 0.003), and TRAF2 (positive LR ϭ 1.67, P ϭ 0.055). Furthermore, GRP94 was the best negative predictive marker (negative LR ϭ 0.16), followed by TRAF2 (negative LR ϭ 0.35), FN14 (negative LR ϭ 0.40), and ErbB-2 (negative LR ϭ 0.42). Thus, the absence of the endoplasmic reticulum stress (ERS) response phenotype in tumors predicted the absence of brain metastasis.
For a validation set, we used a series of 295 breast tumors for which the transcriptomic data were publicly available. 18, 19 As expected, the highest predictive value was ErbB-2 expression (positive LR ϭ 8.27, P Ͻ 0.00001). Moreover, TRAF2 (positive LR ϭ 2.36, P ϭ 0.026), GRP94 (positive LR ϭ 1.72 P ϭ 0.028), and FN14 (positive LR ϭ 1.78, P ϭ 0.044) were associated with brain metastasis.
A multivariate analysis based on stepwise logistic regression retained GRP94, FN14, and inhibin as the best combination to discriminate brain metastasis. The AUC value for this combination was 0.85 (95% CI ϭ 0.73 to 0.96), substantially better than that for ErbB-2, which was the variable more strongly associated with brain metastasis (AUC ϭ 0.76, 95% CI ϭ 0.58 to 0.93). The model that combined ErbB-2, GRP94, FN14, and inhibin expression further increased the discrimination of metastatic disease in brain (AUC ϭ 0.91, 95% CI ϭ 0.77 to 1.00). The ROC curves for the three models are shown in Figure 7 .
We also performed a stratified analysis to check the relationship between ErbB-2 positivity and ERS response phenotype in binary combinations (Table 7) . In ErbB-2 Ϫ tumors, FN14 had a high negative likelihood ratio to predict the absence of brain metastasis progression (LR ϭ 0.26, sensitivity ϭ 0.8, P ϭ 0.015).
Discussion
Fewer than 10% of breast cancer patients have detectable distant metastasis at diagnosis. 36 Thus, it is necessary to understand the properties of brain-tropic tumor cells to identify patients with risk of brain metastasis and to effectively prevent it. Because we assume that metastasis colonization could already be underway at the time of diagnosis, the ERS response phenotype might be a predictive tool to help decide on treatment under the risk of brain metastasis progression. The phenotype includes the overexpression of GRP94, FN14, and TRAF2, which are well correlated with brain metastasis in breast cancer patients. Our search for a multivariate panel of markers to predict brain metastasis revealed that the combination of GRP94, FN14, and inhibin together has a better discriminate accuracy than ErbB-2 alone, and that the best accuracy is obtained combining all four markers. Although all variables in these models were significantly associated with brain metastasis in the multivariate models, the increase in predictive accuracy measured by the difference in AUC was not (because of the small sample size in the present study). Indeed, TRAF2, which was associated with brain metastasis, had many missing values and could not be included in the multivariate analysis. The ERS response phenotype is indicative of a new tool to discriminate the risk of brain metastasis in both ErbB-2 ϩ and ErbB-2 Ϫ breast cancers. Moreover, the absence of the ERS response phenotype in tumors might predict the absence of metastasis. These biomarkers can help in selection of treatment strategies, furthering the current ambitious aim of identifying treatment strategies that will cure patients with ErbB-2 ϩ disease while ensuring minimal toxicity for each individual patient. 37 Hicks et al 38 reported that EGFR expression, like ErbB-2, predicted the develop- ment of brain metastasis. The incidence of brain metastasis in patients with breast cancer overexpressing ErbB-2 who are being treated with trastuzumab is double that in other breast cancer patients; one-third will develop central nervous system metastasis, and this often occurs when they are responding to therapy at other sites or have a stable disease. 39 One of the clinical questions is whether this receptor remains a viable target after disease progression, 40 and whether trastuzumab treatment can prevent brain metastasis or whether it encourages the development of metastatic cells that have crossed the blood-brain barrier.
GRP94 overexpression in brain metastasis might modulate ERS responses through activation of PERK, ATF6, and IRE1. 41 Downstream from GRP94 activation, transcription of chaperones and protein degradation might increase in brain metastatic cells. (We are currently exploring these pathways in our laboratory.) Because therapy decisions should depend on the tumor phenotype, the known close correlation between brain metastasis potential and ERS response phenotype in primary tumors suggests that HSP90 and proteasome inhibitors might be alternatives for treatment of breast cancer patients with a high risk of brain metastasis. 42 It has been reported that inhibition of HSP90, which helps expression and folding of its client proteins, such as ErbB-2, could simultaneously inhibit the expression of viable receptors. 40 Furthermore, the expression of GRP94 has been associated with poor prognosis in gastric carcinomas, 43 and with chemotherapy resistance of lung cancer cells and ovarian carcinoma cells. 44 The switch from dormancy to growth of cancer cells in the brain may be dependent on stress response mechanisms, subsequent coordination of detoxification and redox pathways, 16 and cytokines produced by glial cells, which may contribute, in a paracrine manner, to the final development of brain metastasis. We identified overexpression of the FN14 gene, a member of the tumor necrosis factor (TNF) superfamily of receptors. 45 FN14 is an immediate early response gene whose expression is directly activated after exposure to growth factors in fibroblasts; it is up-regulated in migration-stimulated glioma cells in vitro, and it has been associated with high-grade tumors. 46 Through activation of MAPK8/JNK and NF-B, the TRAF proteins mediate signal transduction of the TNF receptor superfamily members 47 ; they could connect ERS responses and FN14 signaling pathway activation. Because FN14 and TRAF2 are overexpressed in breast cancer tumors that develop brain metastasis, and in brain metastatic cells, the disruption of the TWEAK/ FN14 feedback loop also emerges as a molecular targeting strategy. Table 5 ). *P Ͻ 0.05, statistically significant different expression between bracketed organs. FN14 overexpression can stimulate survival through interaction with the inhibitor-of-apoptosis proteins (IAPs). 48 TNF-like weak inducer of apoptosis (TWEAK)/ FN14 signaling recruits cIAP1-TRAF2 complex, which is then targeted for lysosomal degradation. Cell sensitivity to TWEAK correlates with sensitivity to synthetic IAP antagonist. Studies with FN14-overexpressing tumor cells that could be selectively destroyed using a TWEAK-cytotoxin protein fusion suggest that FN14 could be a new molecular target for treating metastasis. 49 Indeed, the ERS response phenotype might indicate new opportunities in anticancer strategies for sanctuary sites and micrometastatic disease. Evidence of such phenotypes can be used to develop more specifically addressed therapies.
Brain Metastasis Prediction
Microarray-based gene studies are difficult to interpret, because of the huge amount of data involved, and it is therefore a challenge to derive biological insights.
We applied a PPIN-based approach that identifies markers not as individual genes but as subnetworks extracted from PPINs, thus providing a systemic view of the interactome. This method serves to filter information by picking out key protein functions as metastasis markers. Indeed, we have delineated a pathogenic mechanism of metastasis to the brain based on the information from a proteomic study of brain metastasis cellular proteins. Further work is needed to confirm the prognostic value of the ERS response phenotype in a second validation step that includes a large independent group to increase the statistic power of the study and to assess the usefulness of the ERS response phenotype as a predictive tool at first diagnosis.
To validate these markers, the main objective is to obtain a large collection of retrospective samples, far in excess of the typical numbers required to obtain statistical significance in the data. This could also lead to preventive therapy for brain metastases at initial diagnosis, not only in breast cancer patients, but also for other carcinomas with brain tropism. Teti (University of l'Aquila, Italy), Maciej Ugorski (Wroclaw Agriculture University, Poland), and Gabri van der Pluijm (Leiden University Medical Center, The Netherlands).
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Sensitivity Specificity Specificity Figure 7 . The area under the ROC curve (AUC) obtained with the integrated predictive indexes. Markers were assessed in a multivariate logistic regression model using a forward stepwise procedure to identify the best combination to predict brain metastasis. For ErbB-2 alone, AUC ϭ 0.76; for GRP94, FN14, and inhibin in combination, AUC ϭ 0.85; and for ErbB-2, GRP94, FN14, and inhibin in combination, AUC ϭ 0.91. 
